ATP-binding cassette, subfamily G, member 2 (ABCG2) is expressed in both normal and cancer cells and plays a crucial role in side population (SP) formation and efflux of xenobiotics and drugs. Nrf2, a redoxsensing transcription factor, on constitutive activation in non-small-cell lung cancer cells upregulates a wide spectrum of genes involved in redox balance, glutathione metabolism, and drug detoxification, which contribute to chemoresistance and tumorigenicity. This study examined the mechanism underlying Nrf2-dependent expression of ABCG2 and its role in the multidrug resistance phenotype. In silico analysis of the 5′-promoter flanking region of ABCG2 identified an antioxidant response element (ARE) at −431 to −420 bp. A detailed promoter analysis using luciferase reporter assays showed that ARE at −431 to −420 bp is critical for the Nrf2-mediated expression in lung cancer cells. Electrophoretic mobility shift assays and chromatin immunoprecipitation assays revealed that Nrf2 interacts with the ABCG2 ARE element at −431 to −420 bp in vitro and in vivo. Disruption of Nrf2 expression in lung and prostate cancer cells, by short hairpin RNA, attenuated the expression of ABCG2 transcript and protein, and dramatically reduced the SP fraction in Nrf2-depleted cancer cells. Moreover, depleted levels of ABCG2 in these Nrf2 knockdown cells sensitized them to mitoxantrone and topotecan, two chemotherapy drugs detoxified mainly by ABCG2. As expected, overexpression of Nrf2 cDNA in lung epithelial cells led to an increase in ABCG2 expression and a 2-fold higher SP fraction. Thus, Nrf2-mediated regulation of ABCG2 expression maintains the SP fraction and confers chemoresistance. Mol Cancer Ther; 9(8); 2365-76. ©2010 AACR.
Introduction
Lung cancer is the leading cause of cancer-related deaths in both men and women in the United States (1) . The prognosis for lung cancer remains poor, with an overall 5-year survival of 14%. The death toll caused by lung cancer alone counts more than that of breast, colorectal, and prostate cancers combined. Non-small cell lung carcinoma (NSCLC) constitutes ∼85% of all lung cancers (1) . Chemotherapy is the standard treatment for advanced NSCLC patients, but chemotherapy resistance remains an obstacle and leads to mortality.
Recent discoveries have provided clear evidence that cancers may develop from rare self-renewing stem cells, which are biologically distinct from differentiated cancer cells. The eradication of these cancer stem cells is likely a critical component of any successful anticancer strategy, and this may explain why conventional cancer therapies are often effective in reducing tumor burden but are rarely curative. Cancer stem cells have been identified in several cancerous tissues, such as acute myelogenic leukemia, neuroblastoma, lung, colon, and breast cancers (2) (3) (4) . These cancer stem cells represent only a small percentage of total cell populations. They show distinct features such as resistance to irradiation and chemotherapy, and reconstitution of whole populations after irradiation (3, 5) . Interestingly, cancer stem cells efficiently efflux Hoechst dye, resulting in the dye-negative phenotype, also known as the side population (SP) phenotype (3) . Further investigations revealed that Hoechst dye efflux and the SP formation capacity of cancer stem cells are largely attributable to ATP-binding cassette, subfamily G, member 2 (ABCG2) molecule (6) (7) (8) . ABCG2, also known as breast cancer resistance protein (BCRP), was originally cloned from multidrug-resistant breast cancer cells (9) . Its upregulation has been linked to the chemoresistance phenotype in various cancer cells (3, 6) . It was shown that ABCG2 is responsible for SP formation in lung cancer cells (10, 11) .
Nrf2, a cap 'n' collar basic leucine zipper transcription factor, protects against environmental toxicants, oxidative injury, inflammation, and apoptosis through transcriptional induction of a broad spectrum of cytoprotective genes involved in electrophile/drug detoxification function, including several ATP-dependent drug efflux pumps (e.g., ATP-binding cassette, subfamily C, member 1, and ATP-binding cassette, subfamily C, member 2; refs. [12] [13] [14] . Kelch-like ECH-associated protein (KEAP1) is a cytoplasmic anchor of Nrf2 and maintains steady-state levels of Nrf2 and Nrf2-dependent transcription by signaling Nrf2 for proteosomal degradation (15, 16) . Somatic mutations in KEAP1 and loss of heterozygosity at KEAP1 locus result in loss of KEAP1 function in cancer cells and gain of Nrf2 function (17) . Activating mutations in Nrf2 have been recently reported in squamous cell lung carcinomas (18) . Gain of Nrf2 function in lung cancer cells upregulates the expression of genes involved in protection against oxidative stress and thereby promotes tumorigenicity and chemoresistance (17, (19) (20) (21) (22) .
The ABCG2 gene is highly expressed in the plasma membrane of several drug-resistant cell lines, where it has been shown to transport antitumor drugs, including mitoxantrone, topotecan, doxorubicin, and daunorubicin (2, 9, 23) . ABCG2 has also been identified as a protective pump against endogenous and exogenous toxic agents. Oltipraz and tert-butylhydroquinone, which are known to activate Nrf2-dependent gene expression, upregulated ABCG2 expression in primary human hepatocytes and human hepatocellular carcinoma cell lines, respectively (24, 25) . Because Nrf2 is a stress-inducible transcription factor, which regulates the expression of several cytoprotective genes and drug detoxification enzymes through a common antioxidant response element (ARE) located in the promoter, we decided to investigate whether Nrf2 regulates the expression of ABCG2 as well. A better understanding of the role of Nrf2 in the regulation of ABCG2 expression in cancer cells will help elucidate its role in promoting the multidrug resistance phenotype in cancer cells. Here, we show that Nrf2 controls ABCG2 expression at the transcriptional level and is required for maintaining SP in A549 and H460 lung cancer cells as well as in prostate cancer cells. Reduced Nrf2 expression results in enhanced sensitivity to mitoxantrone and topotecan in both A549 and H460 lung cancer cells.
Materials and Methods
Cell culture and reagents A549, H460, H23, and Du145 cells were purchased from the American Type Culture Collection and were maintained in DMEM with 10% fetal bovine serum and penicillin/streptomycin. The cell lines were routinely tested for Mycoplasma contamination. However, the authors did not attempt to authenticate the cell lines again. Generation of A549 and H460 cells constitutively expressing short hairpin RNA (shRNA) against Nrf2 or control luciferase shRNA cells with stable expression of Nrf2 shRNA or control nontargeting luciferase shRNA were maintained in DMEM containing 0.2 μg/mL of puromycin (Roche). The human airway epithelial cell line NuLi, derived from normal lung, was grown in a serumfree medium, bronchial epithelial growth medium (BEGM, serum-free), from Cambrex, made of BEBM basal medium and SingleQuot additives supplemented with 50 μg/mL G-418. Details on the generation of A549-LuchsRNA, A549-Nrf2shRNA, H460-LucshRNA, H460-Nrf2shRNA, Du145-LucshRNA, and Du145RNA cells used in this article have been published (21, 22) . The sequence of Keap1 shRNA used to downregulate Keap1 expression was 5′-CCGGGCCTTAATTCAGCT-G A G T G T T C T C G A G A A C A C T C A G C T G A AT -TAAGGCTTTTTTG-3′ (Sigma-Aldrich). Lentiviral Nrf2 expression vector (PLOHS_100067113) was purchased from Open Biosystems. Mitoxantrone was obtained from Sigma-Aldrich, and topotecan was purchased from LKT Laboratories.
Identification of ARE(s) in the promoter of ABCG2
To identify the presence and location of AREs in the ABCG2 promoter, a 600-bp upstream region sequence from the transcription start site and exons 1 and 2 was downloaded from the National Center for Biotechnology Information database (Human Genome resources). This sequence was screened for ARE binding sites with the help of Genamics Expression 1.1 software using the primary core sequence of ARE (RTGABNNNGCR; ref. 26) as the probe.
Plasmids and mutagenesis
The 5′ flanking region of human ABCG2 promoter region (−496 bp to +198 bp) was PCR amplified from human genomic DNA using high-fidelity Taq polymerase (Applied Biosystems). The primers used for amplification were as follows: forward, 5′-CACTTTCTCAGAATCC-CATTCAC-3′; reverse, 5′-GAACCTTTTGAGTGGGCA-CAG-3′. The isolated PCR product was ligated to pCR2.1 vector (Invitrogen), and a KpnI-XhoI fragment from this construct was cloned into the pGL3 basic vector (Promega). A deletion construct (−310 bp to +198 bp) was generated from the full-length promoter construct. To clone the ARE enhancer sequence in pTAL vector, the ARE binding site with minimal flanking region was amplified using the following primers: forward, 5′-AAAAAAGGTACCATCCCATTCACCAGAAACCA-3′; reverse primer, 5′-AAAAAACTCGAG CGAACGGAAT-GAACCAGAGT-3′. Mutant ARE sequences were generated by using a site-directed mutagenesis kit from Stratagene. Primers containing the mutant ARE sequences (GCAGCGCTTGgGcCTGGGCAACCTGT-GCGTC) were used for PCR amplification of the mutant ABCG2 ARE binding site in the promoter, and PCR products were digested with DpnI for 1 hour to cleave the wild-type promoter template. The sequence of each promoter construct was verified by sequencing.
DNA transfection and luciferase activity
Cells were transfected at 75% to 85% confluency using Lipofectamine 2000 (Invitrogen). Briefly, cells were seeded in 24-well plates at a density of 2 × 10 5 cells/mL and grown overnight. After ∼12 hours, the medium was removed, and transfection complex containing 800 ng of plasmid DNA, 40 ng of pRL-TK plasmid (Promega) at a ratio of 20:1, and transfection reagent were added to each well in the presence of fetal bovine serum. Cells were incubated for another 36 hours, and were then lysed and assayed. Renilla and Firefly luciferase activities were measured using the dual luciferase assay kit (Promega) with a luminometer (EG&G). Firefly luciferase activity was normalized to Renilla luciferase activity for calculation of relative reporter activity for each construct. Results were plotted from three independent experiments, with each assay conducted in triplicate.
Flow cytometry
Analysis for SP formation was carried out following the protocol of Goodell's laboratory with minor modifications (27) . Briefly, cells (1 × 10 6 /mL) were incubated at 37°C for 60 minutes with 5 μg/mL Hoechst 33342 (Sigma-Aldrich), washed, and resuspended in ice-cold HBSS with 2% FCS and 2 μg/mL propidium iodide (Sigma-Aldrich). Fumitremorgin C (FTC, 10 μmol/L), a potent and specific inhibitor of ABCG2 activity, was used as a positive control for the assay. Side population was analyzed with fluorescence-activated cell sorting (FACS) Vantage (Becton Dickinson).
Western blot
Western blot was carried out using the protocol published by Singh et al. (17) . Primary antibody incubation was carried out at 4°C for 16 hours with a mouse anti-ABCG2 antibody (Sigma-Aldrich) diluted at 1:300 in 3% bovine serum albumin, followed by incubation with horseradish peroxidase-conjugated horse anti-mouse secondary antibody, and developed using an enhanced chemiluminescence detection system (GE Healthcare). Anti-α-tubulin and anti-glyceraldehyde-3-phosphate dehydrogenase antibodies were used as the loading control in immunoblot assays (Santa Cruz Biotechnology).
Cell proliferation (MTT) assays
Chemotherapy drug treatments were done following protocols published by Singh et al. (17) . The in vitro drug sensitivity experiments were carried out by using a cell proliferation assay kit (Roche) according to the manufacturer's instructions.
Real-time reverse transcriptase-PCR
Real-time reverse transcriptase-PCR (RT-PCR) reactions were carried out using a protocol published by Singh et al. (17) . Briefly, 500 ng of total RNA were reverse transcribed using a high-capacity cDNA synthesis kit from Applied Biosystems. An aliquot of diluted cDNA was used to measure human ABCG2 (Hs01053790_m1) and Nrf2 (Hs00232352_m1), NQO1 (Hs00168547_m1), and GCLm (Hs00157694_m1) gene expression using Taqman primer and probe mixes from Applied Biosystems. The assays were done using the ABI 7000 TaqMan system (Applied Biosystems). β-Actin (Hs99999903_m1) was used for normalization.
Electrophoretic mobility shift assays
Double-stranded DNA oligonucleotides corresponding to the consensus ARE sequence (5′-GCGCTTGTGA-CTGGGCAACCTGTGC-3′) in the ABCG2 gene promoter were synthesized commercially from Integrated DNA Technologies. The duplex was end-labeled using T4 kinase (Promega) in the presence of [γ-
32 P]dCTP (MP Biochemicals). The probe was purified once with NAP-5 column (GE Healthcare) according to the manufacturer's instruction. The binding reactions were carried out with 5 μg of nuclear protein isolated from A549-LucshRNA cells or A549-Nrf2shRNA cells and 32 P-labeled probe (5 × 10 5 cpm/reaction) in a 20 μL reaction mixture containing 5 mmol/L HEPES (pH 7.9), 100 mmol/L NaCl, 0.25 mmol/L EDTA, and 0.25 mmol/L DTT. Poly (deoxyinosinic-deoxycytidylic) acid 50 μg/mL (Roche) was included in each reaction as nonspecific carrier DNA. The mixture was placed on ice for 30 minutes. Protein-DNA complexes were separated by electrophoresis on a nondenaturing 5% PAGE gel at 200 V with a running buffer consisting of 25 mmol/L Tris, 25 mmol/L borate acid, and 1 mmol/L EDTA. Gels were dried, and the radioactive bands were visualized by autoradiography. For competition reactions, either 25-or 50-fold excess of the unlabeled oligonucleotides harboring the wild-type ARE sequence of the ABCG2 gene or corresponding mutant ARE (5′-GCGCTTGGGCCTGGGCAACCTGTGC-3′) was added during the preincubation period. Unlabeled oligonucleotides containing AP1 or NF-κB binding sequence were used as nonspecific competitors.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were conducted using the ChIP assay kit from Upstate Cell Signaling according to the manufacturer's instructions. Cells (∼10 7 ) were harvested and chromatin was crosslinked by adding formaldehyde to the cell culture medium to a final concentration of 1% and incubating the mixture for 10 minutes at 37°C. Cells were washed twice with ice-cold PBS containing a protease inhibitor cocktail (Roche) and were suspended in 0.2 mL of lysis buffer [50 mmol/L Tris-HCl (pH 8.1), with 1% SDS and 5 mmol/L EDTA]. Samples were sonicated on ice to an average length of 500 to 1,000 bp (four pulses of 10 seconds each) and were centrifuged at 10,000 × g. Solubilized chromatin was diluted 10-fold with ChIP dilution buffer [16.7 mmol/L Tris-HCl (pH 8.1), with 0.01% SDS, 1.1% Triton X-100, 1.2 mmol/L EDTA, and 167 mmol/L NaCl] and was used for ChIP assays. An aliquot of the soluble fraction was saved for total chromatin input.
Chromatin was precleared with salmon sperm DNA/ protein A-agarose for 30 minutes and then incubated with either antibody to (Nrf2 sc-722X; Santa Cruz Biotechnology), and rabbit IgG for 18 hours at 4°C with rotation. Immunoprecipitation, washing, and elution were carried out according to the manufacturer's instructions. Cross-linked immunoprecipitates and total chromatin input were reverse cross-linked, and samples were treated with proteinase-K (Sigma) and extracted with phenol-chloroform-isoamyl alcohol. DNA was precipitated and resuspended in 100 μL of TE (10 mmol/L Tris-Cl and 0.1 mmol/L EDTA). Then, 1 μL of DNA was used for PCR (35 cycles) with primers specific for the ABCG2 promoter. For PCR amplification, forward primer 5′-ATCCCATTCACCAGAAACCA-3′ and reverse primer 5′-ACTCTGGTTCATTCCGTTCG-3′ were used.
Statistical analysis
Data are presented as the mean ± SD. To assess statistical significance of differences, Student's t test or one-way ANOVA was conducted. P values <0.05 were considered statistically significant as indicated by asterisks. IC 50 values in drug sensitization studies were obtained by using GraphPad Software.
Results

Attenuation of Nrf2 expression in lung cancer cells leads to a decline in ABCG2 mRNA and protein levels
To study the Nrf2-dependent regulation of ABCG2 expression, we selected A549 and H460 lung cancer cells as a model system because they harbor the KEAP1 gene mutation that leads to a high basal level of Nrf2 pathway activity and are drug resistant (17, 22) . We have established and characterized A549 and H460 cells constitutively expressing shRNA targeting Nrf2 (17, 22) . Short hairpin targeting luciferase shRNA-expressing cells were used as nontargeting control. A549 and H460 cells stably expressing Nrf2 shRNA (A549-Nrf2shRNA, H460-Nrf2shRNA) showed significant reduction in Nrf2 mRNA expression and a parallel decrease in ABCG2 transcript levels compared with cells expressing luciferase shRNA (A549 LucshRNA and H460 LucshRNA; Fig. 1A ). Immunoblot analysis revealed diminished levels of ABCG2 protein in Nrf2 knockdown A549 and H460 cells compared with control cells (Fig. 1B) . The expression of Nrf2 and ABCG2 did not change significantly between the control cells transfected with luciferase shRNA and the untransfected parent cancer cells ( Supplementary  Fig. S1 ).
Nrf2 directly regulates transcriptional expression of ABCG2
To investigate whether ABCG2 is a direct transcriptional target of Nrf2, we used promoter reporter assays to study ABCG2 promoter regulation in Nrf2-proficient (A549 control cells or parental A549 cells) and Nrf2-depleted (A549-Nrf2shRNA) lung cancer cells. Two ABCG2 promoter deletion constructs were made according to the in silico analysis of ABCG2 promoter that identified a putative ARE located at −431 to −420 bp upstream of the ABCG2 transcription start site (TSS). The full-length reporter construct contained the putative ARE (−496 bp to +198 bp), whereas truncated reporter construct did not (−310 to +198 bp; Fig. 2A, schematic) . The two reporter constructs were transfected into A549 control and A549-Nrf2shRNA cells, and luciferase reporter activity was measured. As shown in Fig. 2A , promoter activity of the ABCG2 full-length construct (−496 to +198 bp) was significantly reduced in Nrf2-depleted A549-Nrf2shRNA cells compared with Nrf2-proficient A549 control cells. The shorter promoter deletion construct lacking the putative ARE (−310 to +198 bp) exhibited similar activity in both Nrf2-depleted and control cells. To further confirm that Nrf2-dependent luciferase reporter activity was suppressed in A549Nrf2shRNA cells compared with control cells, a Nrf2-dependent NQO1 basal promoter reporter construct (28) was included in the promoter reporter studies. The NQO1 reporter plasmid showed significantly reduced luciferase activity in A549 Nrf2 shRNA cells compared with control A549 cells ( Fig. 2A) . These data strongly suggest that the ARE binding site in the ABCG2 promoter region is active and functions as a transcriptional enhancer. To further confirm that the ARE sequence in ABCG2 promoter functions as an enhancer, we cloned the ABCG2 promoter ARE sequence with sufficient flanking sequence into a pTAL-Luc reporter vector containing a minimal promoter to make a ABCG2 ARE construct, and cloned ABCG2 promoter fragment with mutant ARE into a pTAL-Luc construct to make a mutant ARE construct (Fig. 2B, schematic ). Reporter assays results showed that mutation of the ARE core sequence significantly inhibited the Nrf2-dependent luciferase reporter activity in A549 cells (Fig. 2B ). These observations suggest that the ARE element located at −431 to −420 bp is involved in Nrf2-dependent regulation of ABCG2.
To further verify that Nrf2 binds to the ARE binding site in the ABCG2 promoter in vitro and in vivo, we performed electrophoretic mobility shift assays. As shown in Figure 2 . Nrf2 regulates ABCG2 transcription through an ARE element in the ABCG2 promoter. A, a putative ARE at −431 to −420 bp in the proximal promoter region of the human ABCG2 gene was identified by in silico analysis and promoter reporter assay. Left, schematic representation of the two constructs with and without putative ARE. The 5′ end of each of the constructs relative to the transcription start site (arrows) is indicated. These constructs were transfected into A549 control and A549-Nrf2shRNA cells, and luciferase activity was measured. Luciferase activities were normalized relative to the Renilla luciferase activity. NQO1 basal promoter construct was included as a positive control for measuring Nrf2-dependent reporter expression. B, ABCG2 promoter fragment containing the ARE core sequence was cloned upstream of heterologous minimal TATA-like promoter driving the luciferase expression (pTAL vector). Mutations in the ARE core sequence (shown on top) were introduced by site-directed mutagenesis. These constructs were transfected into A549 cells, and luciferase activity was measured. *, P < 0.05, significant when compared with wild-type ARE (analyzed by Student's t test). C, in vitro DNA binding activity of Nrf2 to ABCG2 ARE using electrophoretic mobility shift assays. Nuclear proteins from Nrf2-depleted cells (lane 2) and control A549 cells (lane 3) were incubated with 32 P-labeled oligonucleotides harboring the ARE consensus sequence of ABCG2 gene. The resulting complexes were resolved by nondenaturing PAGE and analyzed. For competition assays, a 25-and 50-fold excess of unlabeled oligonucleotides harboring the wild-type ARE (lanes 4 and 5) of ABCG2 gene or a 25-to 50-fold excess of unlabeled oligonucleotides with the mutated ARE sequence was added (lanes 6 and 7) during the preincubation period. Nonspecific unlabeled oligonucleotides that contain AP1 and NF-κB binding sequences were used as a negative control (lanes 8-11). Nuclear extracts from A549 control cells were used in both specific and nonspecific competitions (lanes 4-11). Arrow, ARE binding complex; FP, free probe. D, ChIP assays were done in A549 cells stably expressing Nrf2shRNA and control cells expressing luciferase shRNA. Fig. 2C , there was a marked Nrf2-dependent complex formation when 32 P-labeled ABCG2 ARE oligonucleotide duplexes were incubated with nuclear extract from control A549-LucshRNA cells (double arrows). In contrast, the Nrf2-dependent complex formation was reduced when the 32 P-labeled ARE probes were incubated with nuclear extracts from Nrf2-deficient A549 cells (Fig. 2C , compare lane 3 with lane 2). The specificity of Nrf2-dependent complex formation was tested using 25× and 50× excess of unlabeled ABCG2-ARE oligonucleotides as cold competitor. The competition results showed that the Nrf2-dependent complex formation was completely abolished by cold wild-type ARE oligonucleotides (Fig. 2C, lanes 4 and 5) , but was competed to a less extent by mutant ARE oligonucleotides (Fig. 2C,  lanes 6 and 7) and was poorly competed by nonspecific AP1 or NF-κB oligonucleotides (Fig. 2C, lanes 8-11) . Next, we conducted ChIP assays to examine whether Nrf2 constitutively binds to the endogenous ABCG2 promoter in cancer cells. As shown in Fig. 2D , constitutive recruitment of Nrf2 to the ARE element located in ABCG2 promoter was observed in Nrf2-proficient A549 LucshRNA control cells. As expected, in A549-Nrf2shRNA cells, Nrf2 was present at low levels and reduced amplification was detected using ABCG2 promoter primers. Immunoprecipitations with control IgG failed to enrich the ARE-containing ABCG2 promoter region (Fig. 2D) , suggesting that the sites were not enriched in a nonspecific fashion. Overall, these results indicate that Nrf2 specifically binds to the ARE element in the ABCG2 promoter. In conclusion, these promoter reporter studies and in vitro and in vivo binding assays revealed that Nrf2 regulates ABCG2 promoter activity through the ARE element located at −431 to −420 bp from the transcription start site.
Decreasing Nrf2-dependent ABCG2 expression by shRNA results in loss of the SP phenotype ABCG2 activity is required for maintaining the SP phenotype in cancer cells. To investigate whether reduced ABCG2 expression affects SP formation in Nrf2-deficient A549 and H460 cells versus control cells, Hoechst dye exclusion assays were conducted. The results show that there are ∼58% cells that belong to SP fraction in control A549-LucshRNA cells; on the contrary, the percentage of SP drops to <2% in Nrf2-knockdown A549 cells. Similarly, SP content in Nrf2-knockdown H460 cells are ∼0.18% compared with ∼1.3% in control H460-LucshRNA cells (Fig. 3) . To confirm the specificity of the Hoechst dye efflux assay, we used fumitremorgin C (FTC), a specific inhibitor of ABCG2. The cells were incubated with Hoechst dye in the presence of FTC followed by propidium iodide staining and flow cytometric analysis. The SP phenotype was completely blocked by FTC treatment in both A549 and H460 cells ( Fig. 3; Supplementary Fig. S2 ). To determine if antibiotic selection during generation of stable cell lines altered the percentage of cells in the SP, we compared the SP in A549-parent cells, A549-LucshRNA, and A549-Nrf2shRNA cells (Supplementary Fig. S3A ). We detected ∼1.75-to 2-fold higher numbers of cells in the SP of A549-LucshRNA relative to A549-parent cells. Similar results were obtained with H460-parent, H460-LucshRNA, and H460-Nrf2shRNA cells (Supplementary Fig. S3B ). However, Nrf2-depleted cells A549 and H460 had dramatically smaller fraction of cells in SP.
Inhibiting Nrf2-dependent ABCG2 expression by shRNA causes chemosensitization to its target anticancer drugs ABCG2 is crucial for detoxification of several chemotherapeutic drugs; thus, its increased expression confers chemoresistance. It has been reported that efflux of mitoxantrone and topotecan depends on ABCG2 (9, 23) . To determine whether decreased expression of ABCG2 could sensitize A549 and H460 cells to mitoxantroneand topotecan-induced cytotoxicity, we incubated both Nrf2-depleted and control A549 and H460 cells with mitoxantrone and topotecan for 2 to 4 days, and measured the percentage of viable cells using the MTT assay. As expected, the Nrf2-deficient A549 and H460 cells (A549-Nrf2shRNA and H460-Nrf2shRNA), with low endogenous levels of ABCG2, displayed enhanced sensitivity to mitoxantrone and topotecan in vitro (Fig. 4) . The 
Nrf2-dependent ABCG2 expression in prostate cancer cells
We have established and characterized Du145 cells constitutively expressing shRNA targeting Nrf2 transcript (Du145-Nrf2shRNA) and the control DU145 cells expressing shRNA against luciferase gene (Du145-LucshRNA; ref. 21 ). Du145 cells stably expressing Nrf2shRNA (Du145-Nrf2shRNA) showed >85% reduction in Nrf2 mRNA expression and a parallel decrease in ABCG2 transcript levels compared with cells expressing luciferase shRNA (Du145-LucshRNA; Fig. 5A ). Immunoblot analysis revealed diminished levels of Nrf2 and ABCG2 protein in Nrf2 knockdown Du145 cells compared with parent Du145 cells and Du145-LucshRNA cells (Fig. 5B and C) . The expression of Nrf2 and ABCG2 in Du145-LucshRNA cells was similar to that of the parent Du145 cells. To determine whether Nrf2-dependent ABCG2 expression in prostate cancer cells affects SP formation, we used the Hoechst dye exclusion assay. The immunoblotting data presented above show that Du154 cells express low levels of ABCG2 protein. Analysis of SP in Du145-parent cells, Du145-LucshRNA, and Du145-Nrf2shRNA cells revealed very low SP fraction Fig. S4 ). Thus, similar to Nrf2-depleted lung cancer cells, Du145-Nrf2shRNA cells showed reduced ABCG2 mRNA, protein expression, and SP compared with Nrf2 proficient cells. Collectively, these results suggest that transcriptional regulation of ABCG2 in lung and prostate cancer cells is mediated by Nrf2.
Nrf2 activation induces ABCG2 expression in lung epithelial cells
Next, we examined whether activation of Nrf2 induces ABCG2 expression in nontumorigenic airway epithelial cells (i.e., NuLi cells). We used a shRNA targeting Keap1 to inhibit Keap1 expression and activate Nrf2-dependent gene expression. Luciferase shRNA was used as nontargeting control shRNA. As shown in Fig. 6A , reduction in Keap1 transcript levels by Keap1 shRNA resulted in a parallel increase in NQO1, GCLm, and ABCG2 transcript levels. We observed an inverse correlation between Keap1 expression and Nrf2-dependent ABCG2 expression in lung epithelial cells.
To show that commonly used oxidative stress-inducing agents like cigarette smoke condensate and tert-butyl hydroquinone, known to upregulate Nrf2-dependent signaling, also upregulate ABCG2 expression, we treated NuLi cells with these agents and measured gene expression. The cells were exposed to cigarette smoke condensate (100 μg/ mL) and tert-butyl hydroquinone (20 μmol/L) for 24 hours, and induction of ABCG2 in response to these treatments was quantified by real-time RT-PCR. Pretreatment with Nrf2-activating agents upregulated the expression of ABCG2 and other classic Nrf2 target genes, suggesting that Nrf2 mediates inducible expression of ABCG2 (Fig. 6B) .
Alternatively, we overexpressed Nrf2 cDNA in a lung adenocarcinoma cell line, H23, harboring wild-type Keap1 and Nrf2 activity. H23 cells were transduced with lentiviral particles containing Nrf2 cDNA or the control empty vector. Four to 6 days posttransduction, cells were harvested and expression of Nrf2 and its target genes, including ABCG2, was measured by real-time RT-PCR and immunoblotting. As expected, Nrf2 overexpression resulted in upregulation of ABCG2 expression at the mRNA and protein levels (Fig. 6C) . Analysis of SP in H23 cells revealed that cells overexpressing Nrf2 (H23-Nrf2 cDNA) had a 2-fold higher SP fraction compared with H23 empty vector control cells (Fig. 6D) . In summary, we have convincingly shown that Nrf2 regulates ABCG2 gene expression and SP fraction in cancer cells.
Discussion
In the present study, we show that Nrf2 regulates the transcriptional expression of human ABCG2 gene through an ARE element located at the −431 to −420 bp region of the promoter, and Nrf2 is essential for maintaining ABCG2 expression and function in lung cancer and prostate cancer cells. Nrf2 depletion resulted in dramatic reduction of SP formation and reversal of chemoresistance in non-small-cell lung cancer cell lines. Similarly, upregulation of Nrf2 activity induced the expression of ABCG2 and increased the SP fraction in lung epithelial cells.
One of the defining characteristics of cancer stem cells is their ability to transport Hoechst dye, leading to the SP phenotype, which is attributable to the expression of ABCG2 gene (3, 6) . A study by Scharenberg et al. (11) showed that A549 cells contain an increased fraction of SP-positive cells, and the high Hoechst dye efflux capacity of A549 cells correlates very strongly with ABCG2 activity. Transcriptome analyses of embryonic, hematopoietic, and neural stem cells revealed a common signature of gene expression, which includes transcripts that function as a cytoprotective factor against environmental and xenobiotic stress (29) . Studies showed that stem cells express high levels of drug detoxification enzymes such as P-glycoprotein, BCRP (ABCG2), glutathione S-transferases, and glutathione peroxidase (6, 30, 31) . Interestingly, several of these cytoprotective and drug detoxification genes are classic Nrf2-dependent genes.
Nrf2, a bZIP transcription factor, protects cells from oxidative stress and xenobiotics by induction of a transcriptional program that includes major antioxidants such as enzymes in the glutathione and thioredoxin pathways, as well as xenobiotic detoxification enzymes that include the glutathione S-transferase and UDP glycosyltransferase families, aldehyde dehydrogenase, and various drug efflux pumps-members of the multidrug resistance protein family (32) (33) (34) . KEAP1 negatively regulates Nrf2 activity by targeting it for proteasomal degradation (15, 16) . Nrf2-KEAP1 interactions are frequently dysfunctional in NSCLC, leading to constitutive activation of Nrf2 (17) . Our previous studies have shown that point mutations in the KEAP1 gene lead to nonconservative amino acid substitutions and nonsense mutations, resulting in loss of KEAP1 function in a high percentage of the NSCLC cell lines and primary tumors (17) . Recently, two Nrf2 mutation "hotspots" were identified in ∼10% of patients with squamous lung carcinoma, enabling the transcription factor for the evasion of KEAP1-mediated repression (18, 35) . Furthermore, mutations in KEAP1 have been reported in breast, gall bladder, and prostate cancers (21, 36, 37) . High Nrf2 activity in cancer cells results in upregulation of phase II drug detoxification enzymes and several ATP-dependent multidrug-resistant drug efflux pumps (e.g., ABCC1 and ABCC2) and promotes drug resistance (12, (38) (39) (40) (41) (42) . ABCG2 transcript and protein levels were dramatically reduced in Nrf2-depleted lung cancer cells, suggesting that ABCG2 gene expression is Nrf2 dependent in lung cancer cells. Attenuated ABCG2 promoter reporter activity in the absence of Nrf2 activity implies that Nrf2 regulates ABCG2 transcription by modulating ABCG2 promoter activity. Loss of Nrf2 expression and a corresponding decrease in ABCG2 expression reduced SP formation in lung cancer cells. Similar Nrf2-dependent ABCG2 expression was observed in Du145 cells, a prostate cancer cell line.
Recently, it has been reported that the expression of ABCG2 along with some other efflux pumps was decreased in hepatocytes of Nrf2 null mice compared with that of wild-type mice, which indicates that Nrf2 is involved in physiologic regulation of ABCG2 (43) . Tertiary-butylhydroquinone, an agent known to activate Nrf2 by inducing oxidative stress, upregulated the expression of ABCG2 in hepatocellular carcinoma cells (25) . In another study, Jigorel et al. (24) reported that Oltipraz, a small-molecule activator of Nrf2, upregulated the expression of ABCG2 in primary human hepatocytes. Studies focused on regulation of the expression of ABCG2 revealed that estrogen receptor-, hypoxia-, and peroxisome proliferator-activated receptor γ-inducible cis-elements are located at the 5′ promoter region of ABCG2 gene in normal SP-positive cells (44) (45) (46) .
Decreasing the expression of the redox master regulator Nrf2 potentially affects cellular protection against xenobiotics and drugs (17) . The attenuation in ABCG2 expression in Nrf2-deficient lung cancer cells leads to chemosensitization (22) . Cancer cells with reduced Nrf2 activity and a parallel decline in ABCG2 expression displayed enhanced sensitivity to mitoxantrone and topotecan. However, besides reduced ABCG2 levels, alternate mechanisms such as decrease in glutathione level or/ and reduced drug detoxification may also be involved in mitoxantrone and topotecan sensitization of Nrf2-abrogated lung cancer cells. We recently reported that Nrf2 inhibition in lung cancer cells results in enhanced intracellular accumulation of carboplatin and etoposide, and thus, enhanced carboplatin-and etoposide-induced cell death (21, 22) . Interestingly, no significant difference in Nrf2-dependent sensitivity to another drug, methotrexate, was observed (data not shown). These findings imply that reversal of drug resistance by mitigating Nrf2-dependent drug detoxification genes is specific and relies on different Nrf2 downstream executors in the context of different chemotherapeutic agents. One seemingly obvious advantage of targeting the Nrf2 molecule, to increase sensitivity to chemotherapeutic drugs under different scenarios, is that electrophile drug detoxification pathways involved in detoxification of a wide spectrum of chemotherapy drugs are tackled at the same time, thus reducing the possibility of alternative or redundant detoxification pathway activation in targeting only one or few detoxification and/or drug pump pathways/molecules alone.
In conclusion, the loss of KEAP1 function and aberrant activation of Nrf2-dependent pathways are frequently detected in lung cancer and other solid tumors (17, 21, 36, 37) . Upregulated Nrf2 activity in cancer cells/tissues potentially stimulates ABCG2 expression and promotes the multidrug resistance phenotype. Because ABCG2 along with other cytoprotective genes are upregulated in cancer stem cells and protect against stress, it remains to be determined whether Nrf2 and its downstream signaling is amplified in cancer stem cells and whether targeting Nrf2 activity in cancer stem cells can be an effective strategy for overcoming multidrug resistance.
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